Abstract: Depleted gas reservoirs are potential sites for CO2 storage, therefore it is important 16 to evaluate their storage capacity. Historically, there have been difficulties identifying the 17 reservoir drive mechanism of gas reservoirs using traditional P/z plots, having direct impacts 
The aim of this study is to use production data and material balance methods to estimate the 72 theoretical and effective CO2 storage capacities in four depleted gas reservoirs with well- 
76
(2012)); (2) evaluate the impact of aquifer influx on theoretical and effective storage capacity 77 estimates for water drive reservoirs; and (3) identify which methods yield the most 78 conservative theoretical storage capacity estimates for depletion and water drive reservoirs.
80
Specifically, we use production and pressure data from the Hewett, South Morecambe and reservoirs, an alternative methodology is used to model aquifer performance throughout the 88 productive lifetime and to estimate the cumulative volume of water influx (We) into the 89 reservoirs analysed. Once a reasonable estimate is obtained for We, the value can be used to 90 calculate the OGIP. The OGIP estimates from depletion drive and water drive gas reservoirs 91 can then be used to estimate both the theoretical and effective CO2 storage capacities. 
The Morecambe Gas Fields

193
The South Morecambe Gas Field is the second largest UK gas field and is located 32 miles can be reduced by up to two orders of magnitude (Stuart 1993).
228
In the illite-free zone of the South Morecambe Sherwood Sandstone reservoir, the 229 interquartile range of porosity data is between 7.8 -14.3 % with a median of 10.8 %, and 230 permeability data is between 0.3 -28.9 mD with a median of 2.8 mD. In the illite-affected 231 zone, interquartile range of porosity data is between 10.7 -16.5 % with a median of 13.6 %,
232
and permeability data is between 0.2 -8.5 mD with a median of 1.2 mD.
234
Likewise, in the illite-free zone of the North Morecambe Sherwood Sandstone reservoir, the 235 interquartile range of porosity data is between 11.6 -17.7 % with a median of 14.7 %, and 236 permeability data is between 6.5 -287.5 mD with a median of 64.0 mD. In the illite-affected 237 zone, the interquartile range of porosity data is between 7.5 -13.0 % with a median of 10.0 238 %, and permeability data is between 0.05 -2.2 mD with a median of 0.3 mD -greatly 239 reduced due to the presence of illite.
241
Despite this, production from the illite-free zone has been successful with recovery factors of Material balance, or the P/z plot, is a popular method used to establish the presence (or 247 absence) of a water drive within producing gas reservoirs and estimate the OGIP ( 
where, P is the reservoir pressure, z is the gas compressibility factor, and the subscript, i,
267
denotes initial reservoir conditions.
269
In a true depletion drive reservoir the cumulative volume of produced gas (Gp) will be equal 270 to the OGIP at P/z = 0. Therefore, linear extrapolation of production data on the P/z plot to 271 the x-axis (P/z = 0) provides a reliable estimate of OGIP (see Fig. 5 performance whilst providing a degree of pressure support to the gas reservoir (see Fig. 5 ).
285
On a P/z plot, field data will typically deviate from linearity as a result of aquifer influx
286
(increasing pressure support and We) or aquifer depletion (decreasing pressure support and
287
We by fluid transport to another reservoir). As such, the material balance equation (after
288
Archer & Wall (1986)) becomes:
where, Wp is the cumulative volume of produced water and Bw is the water formation volume 292 factor.
294
Equation 3 can be rearranged as:
Consequently, identification of the reservoir drive mechanism on a P/z plot can be ambiguous and hence, will have implications for CO2 storage capacity estimation (see Fig. 5 ).
308
Data from the four case study reservoirs are presented on P/z plots in Fig. 6 . The gas PVT
309
properties, here and elsewhere in the study, were estimated using the Peng-Robinson water influx, We) has been used in the absence of water production data from them.
336
The Cole plot (Cole 1969) involves plotting the left hand side of Equation 4, GpBg/(Bg -Bgi),
337
(the cumulative volume of gas produced at standard conditions multiplied by the gas 338 formation volume factor divided by the difference between the current and initial gas 339 formation volume factor), on the y-axis versus the cumulative volume of gas produced, Gp,
340
on the x-axis. For depletion drive reservoirs, the term on the far right hand side of Equation 341 4, (We -WpBw)/(Bg -Bgi), (the cumulative volume of water influx minus the cumulative 342 volume of water produced at the wells multiplied by the water formation volume factor, 343 divided by the difference between the current and initial gas formation volume factor), goes to zero and the points plot linearly with the y-intercept equal to G (the OGIP Sherwood Sandstone reservoir are plotted on a Cole plot, they conform well to an overall 363 linear trend (Fig. 8) . Hence, the reservoir drive mechanism is confirmed as depletion drive.
364
The scatter observed on the plot shortly after the onset of production can likely be explained and the production rate stabilises.
371
However, when data from the Hewett Upper Bunter Sandstone reservoir and North
372
Morecambe Sandstone reservoir are plotted on a Cole plot a curved trend is observed 373 suggesting the reservoirs experience a degree of water drive (Fig. 8) Estimation of the aquifer constant, U, differs for radial and linear aquifers, and is described reservoir. This implies flow can occur in a NW-SE orientation (see Fig. 9 (b) ). The North therefore the angle of water encroachment into the reservoir is estimated to be 90° from the 441 north (see Fig. 9 (c) ).
For linear aquifers, estimation of the aquifer constant, U, is simpler requiring the width and 445 length of the aquifer (see Fig. 10 ). Aquifer length, estimated from the hydraulic diffusivity, (8)
452 where, k is the permeability, µ is the viscosity, φ is the porosity, cres is the bulk 453 compressibility of the matrix, cfluid is the bulk compressibility of the fluid, ∆x is the 454 characteristic diffusion distance and ∆t is the characteristic diffusion time.
456
As described previously, a host of porosity and permeability data has been gathered from 457 multiple wells across the reservoirs which showed a considerable amount of variability.
458
Conversely, the viscosity and the bulk compressibility of the reservoirs and fluids could be Using the estimates of We obtained using the finite radial and linear aquifer models, it is 468 possible to obtain values of OGIP for both case study reservoirs through rearranging
469
Equation 5:
Results are shown in CO2 storage in depleted gas reservoirs.
503
When estimating both theoretical and effective CO2 storage capacity, CO2 density and the gas 
510
The gas formation volume factor, Bg, is used to relate the volume of a fluid phase existing at both the depletion drive and water drive reservoirs (see Fig. 12 ), and provide a good basis 543 from which effective CO2 storage capacities can be estimated.
545
All of the theoretical CO2 storage capacity equations rely on either direct estimation of the Sandstone reservoir (see Fig. 11) ). However, in thicker reservoirs it is assumed the whole 566 thickness of the reservoir is entirely gas-bearing (particularly problematic in the Morecambe 567 gas fields which consist of illite-affected parts of the reservoir over a substantial thickness,
568
and also with them being thick, dipping reservoirs meaning the gas-bearing volume is prism-
569
shaped not box-shaped (Fig. 11) ). As such, it will always over-estimate the true gross rock 570 volume. A second issue with the method is that the cumulative volumes of injected and 571 produced water are often not measured (as this is not necessary for successful production 572 from gas reservoirs in most cases), therefore any estimated values are likely to be incorrect.
573
A final issue is the value used for water saturation: it is often assessed prior to production, but 574 the value is likely to change as production progresses, particularly in water drive reservoirs,
575
and is not often re-assessed.
577
The alternative theoretical methods of Bachu et al. (2007) 
Conclusions
613
This study has shown that theoretical CO2 storage capacity estimates vary as a result of It is important to establish the correct reservoir drive mechanism so that more precise (Table 3 ).
